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Obstruction of proximal tubules initiates cytoresistance against
hypoxic damage
R1clD A. ZAGER
The Department of Medicine, University of Washington, and the Fred Hutchinson Cancer Research Center, Seattle, Washington, USA
Obstruction of proximal tubules initiates cytoresistance against by-
poxic damage. Following acute tubular necrosis (ATN), cytoresistance to
further renal injury results. However, the initiating events and the
subcellular determinants of this phenomenon have not been defined. Since
tubular obstruction is a consequence of ATN, this study evaluated whether
it alters tubular susceptibility to hypoxic damage. Extrarenal obstruction
(ureteral ligation in rats) was used for this purpose to dissociate obstruc-
tive effects from those of ATN. Twenty-four hours following ureteral
ligation or sham surgery, cortical proximal tubular segments (PTS) were
isolated and subjected to hypoxic (15 or 30 min)/reoxygenation injury.
Since oxidant stress, cell Ca2 overload, and PLA2 attack are purported
mediators of hypoxic/reoxygenation injury, degrees of FeSO4, Ca2 iono-
phore, and phospholipase A2-induced PTS damage also were assessed.
The cell injury (% LDH release) which resulted from each of the above
was consistently less in PTS obtained from obstructed kidneys. This
cytoresistance: (a) did not require prior uremia to develop (seen with
unilateral obstruction); (b) it did not appear to correlate with a tubular
proliferative response (assessed by proliferating cell nuclear antigen
expression); (c) it was uninfluenced by early tubular repair (unchanged by
24 hrs of obstruction release); and (d) it occurred without increased heat
shock protein (HSP-70) or antioxidant enzyme (superoxide dismutase,
catalase) expression. Total adenylate pools were higher in obstructed
versus control PTS during injury; however, this appeared to be a correlate
of the protection, rather than a mediator of it. In contrast, obstructed
tubules manifested a primary increase in plasma membrane resistance to
PtA2 attack (—3-fold less lysophosphatidylcholine and free fatty acid
generation in obstructed vs. control PTS during incubation with exogenous
PLA2). In sum, these results indicate that: (1) tubular obstruction protects
PTS from injury, suggesting that its development during ATN may initiate
cytoresistance; and (2) this cytoresistance appears to be mediated, at least
in part, by a direct increase in plasma membrane resistance to PLA2 and
potentially other forms (such as, oxidant stress, cytosolic Ca2 loading) of
attack.
It has been recognized for many years that animals which are in
the recovesy phase of acute tubular necrosis (ATN) can acquire
resistance to subsequent tubular insults [1]. As examples, animals
recovering from experimental uranium nitrate/acetate or glycerol-
induced acute renal failure (ARF) can withstand subsequent
challenges with the same agent [2—5]; following glycerol- and
mercuric chloride-induced ARF, cross resistance to the alternate
agent develops [6]; potassium dichromate pre-treatment mitigates
subsequent gentamicin nephrotoxicity [7]; and during recovery
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from gentamicin nephrotoxicity, gentamicin resistance results [8].
Although acquired resistance has typically been demonstrated
during the late recovery phase of nephrotoxic ARF [1], previous
work from this laboratory has shown that this same phenomenon
can also be observed at the height of post-ischemic renal damage:
for example, 18 to 48 hours after renal artery occlusion-induced
ARF, substantial resistance to further in vivo ischemic injury exists
[9].
The mechanism(s) underlying the phenomenon of acquired
tubular resistance have not been established. However, a number
of hypotheses have been advanced, as follows: (1) an acute insult
necessarily kills the most susceptible tubular cells, leaving behind
a relatively resistant population; (2) regenerating tubular epithelia
may be inherently more resistant to injury than mature cells [1],
possibly because they are less well differentiated; (3) following
sublethal injury, the surviving cells may synthesize a variety of
cytoprotective proteins (such as, heat shock proteins, HSPs;
antioxidant enzymes) [10—14]; and (4) ARF causes intravascular
volume expansion and increased solute excretion per functional
nephron, both of which can protect against ischemic and nephro-
toxic ARF [15—18].
Given the complex interplay between vascular, intraluminal,
and direct cellular events in in vivo models of ARF, it has not been
possible to dissect out precise mechanisms of acquired cytoresis-
tance with in vivo experiments, such as those noted above.
Because of this, our laboratory recently has taken a different
experimental approach [19, 20]: first, induce in vivo tubular injury;
and second, isolate proximal tubular segments (PTS) from these
kidneys to ascertain whether direct cellular resistance to injury
exists. If so, then it should be possible to use those isolated tubules
to explore some of the determinants of the cytoresistance. Using
this approach, we have previously demonstrated that PTS, har-
vested from rats 24 hours after the induction of severe post-
ischemic ARF, are, indeed, protected against in vitro hypoxic
injury [20].
The purpose of the present study was to further explore how
ARF confers proximal tubular cytoresistance. To this end, ARF
has been induced in rats by acute bilateral ureteral obstruction,
and 24 hours later, PTS were isolated for study. An extrarenal
obstructive model of ARF was chosen for investigation for the
following reasons: (1) it induces complete renal failure in the
absence of tubular necrosis. Since necrosis and subsequent tubu-
lar cell replacement have been implicated as prerequisites for the
development of cytoresistance [1, 5, 7], the use of a non-necrotic
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ARF model should allow testing of this possibility. (2) Intratubu-
lar obstruction occurs in most forms of ATN, causing or contrib-
uting to filtration failure [21]. Thus, were an obstructive model of
ARF to induce cytoresistance, it would suggest, by analogy, that
intratubular obstruction is a possible trigger for it in the aftermath
of ATN, (3) In experimental models of ARF, single nephron
GFR, and hence nephronal solute excretion, vary considerably,
undoubtedly affecting the physiology of the associated proximal
tubule [21]. Since increased solute excretion has been proposed as
an explanation for cytoresistance [1, 9], it is possible that only
those nephrons which continue to filter and excrete develop this
phenomenon. Because ureteral obstruction causes a complete
cessation of solute excretion by all nephrons, the development of
cytoresistance in this ARF model would exclude this solute
excretion hypothesis; and (4) since acute ureteral obstruction does
not cause proximal tubular necrosis, potential tubule "selection
artifacts" (caused by the loss of the most susceptible nephrons),
should not occur, simplifying data interpretation. In light of these
considerations, the experiments described below were under-
taken.
Methods
Obstructive nephropathy models used as the source for proximal
tubule isolation
Male Sprague-Dawley rats (175 to 250 g; Charles River Labo-
ratories, Wilmington, MA, USA), maintained under standard
vivarium conditions, were used for all experiments. They were
anesthetized with pentobarbital (—40 mg/kg), the ureters were
located through a midline abdominal incision, and then either
unilateral (left kidney) or bilateral total ureteral ligation was
performed with 3-0 silk ligatures, placed approximately 1 cm
below the ureteral origin. Then, the abdominal incision was
sutured and the rats were allowed to recover from anesthesia.
Free food and water access was provided. Approximately 24 hours
later, the rats were re-anesthetized, and the obstructed kidney(s)
were excised. Each of the above rats was paired with a sham
operated rat (ureteral localization/no ligation) to serve as a source
of normal tubules. Rats subjected to bilateral obstruction had
blood urea nitrogen (BUN) concentrations determined at the
time of kidney harvesting to assess the severity of uremia.
Isolation of proximal tubule segments
Following kidney resection, cortical proximal tubule segments
(PTS) were isolated as previously described [20]. In brief, the
cortical regions were dissected on a cool surface, they were finely
minced with a razor blade, and then they were subjected to 30
minutes of collagenase digestion (type D; Boehringer-Mannheim,
Indianapolis, IN, USA; 1.5 mg/mI) in a buffer (pH 7.4) containing
(in mmol/liter): NaCI, 100; KC1, 2.1; NaHCO3, 25; K}12P04, 2.4;
MgSO4, 1.2; MgCl2, 1.2; CaCI2, 1.2; glucose, 5, alanine, 1; Na
lactate, 4; dextran, 0.6%; gassed with 95% 02/5% CO2 (02/C02).
When bilateral renal obstruction was induced, both left and right
kidneys from the experimental and from the sham-operated
control rat were used for PTS preparation. In contrast, when
unilateral obstruction was induced, only the obstructed left kid-
ney, and the left kidney from the sham operated rat, were used for
PTS isolation (equalizing the amount of PTS harvested). After
completing the collagenase digestion (at 36°C), it was stopped by
adding iced buffer, the tissues were passed through a stainless
steel sieve, and pelleted by centrifugation. The material was
washed with iced buffer, it was layered on 31% Percoll (Pharma-
cia; Piscataway, NJ, USA), and viable, pelleted PTS were recov-
ered after centrifugation (3000 rpm, 4°C). The PTS were washed
twice to remove the Percoll and then suspended (—3 to 6 mg
protein/mi) in a buffer identical to that above except for the
addition of 10 mmollliter Na butyrate. The PTS were regassed in
02/C02, rewarmed over 15 minutes to 36°C (experimentation
temperature), and then a baseline % lactate dehydrogenase
(LDH) release (%of the total LDH within the suspending buffer)
was determined as an index of PTS viability [18, 19]. Each
preparation was then ready for experimentation, as described
below.
Response of isolated proximal tubules to hypoxic-reoxygenation
injury
On any given day, PTS from one rat with ureteral ligation
(either unilateral or bilateral), and from the corresponding sham
operated control, were studied simultaneously (6 and 5 pairs of
rats used for the bilateral and unilateral obstruction studies,
respectively). Each preparation was divided into three equal
aliquots (2 ml each placed into 25 ml Erlenmeyer flasks), and they
were incubated at 36°C a shaking water bath under one of the
following conditions.
(1) Continuous oxygenation. The flask was reoxygenated with
02/C02 and incubated for 45 minutes.
(2) Mild hypoxic injury. This flask was gassed with 95% N215%
CO2 (N2/C02) and incubated for 15 minutes, followed by reoxy-
genation for 30 minutes (02/C02).
(3) Severe hypoxic injury. This flask was treated exactly as flask
#2, except that 30 minutes of hypoxia and 15 minutes of reoxy-
genation were induced.
At the completion of the above incubations (each 45 mm),
cellular injury was assessed by re-determining the % of LDH
released. [Note: the non-obstructed kidneys in rats subjected to
unilateral ureteral obstruction were not used as a source for
normal PTS. This was because these kidneys undoubtedly under-
went adaptive changes as a consequence of the contralateral
ureteral obstruction and the resulting reduction in functional
renal mass.]
Recovery from ureteral obstruction: Effect on PTS cytoresistance
The following experiment was undertaken to assess the effect of
a 24-hour recovery period on the phenomenon of obstruction-
induced cytoresistance. To this end, four rats were subjected to
unilateral ureteral obstruction. Twenty-four hours later, the rats
were re-anesthetized and the unilateral obstruction was relieved
by transecting the ureter above the level of occlusion. The animals
were re-sutured and the urine from the transected ureter was
allowed to drain into, and be absorbed from, the peritoneal space.
[Note: ureteral transection, rather than removal of the ligature,
was performed since the ligation left some degree of ureteral
stenosis. Thus, the only way to be certain that the obstruction was
completely relieved was ureteral transection.] Twenty-four hours
after ureteral transection, the rats were re-anesthetized, and the
post-obstructed kidney was used for PTS isolation. Then, these
tubules were subjected to oxygenation and to the 15 and 30
minute hypoxia-reoxygenation protocols, as described above.
Controls for these experiments consisted of PTS isolated from rats
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subjected to the same surgical procedures over a 48 hour period,
including the unilateral ureteral transection, but without ever
undergoing ureteral ligation.
Effect of ureteral obstruction on proximal tubular cell proliferation
Since tubular regeneration has been implicated as being critical
to the emergence of cytoresistance [1], the following experiment
was performed to help exclude the possibility that 24 hours of
ureteral obstruction leads to a proximal tubular proliferative
response even in the absence of cell necrosis. Since tubular
obstruction alters both the deliveiy and intrarenal retention of 3H
thymidine (potentially altering its reliability as a marker of tubular
proliferation), the histochemical expression of PCNA (proliferat-
ing cell nuclear antigen) [22] was used to help identify/exclude an
early regenerative response. Kidneys obtained from two rats with
bilateral ureteral obstruction and from two normal rats were fixed
for two hours in methyl Carnoy's fixative, followed by transfer to
70% ethanol. Four micrometer paraffin embedded sections were
stained for PCNA, as previously described by this laboratory [22].
Influence of ureteral obstruction on the expression of
cytoprotectant proteins: Heat shock protein (HSP,)- 70, catalase,
and superoxide dismutase
To gauge whether acute ureteral obstruction leads to HSP
synthesis, potentially conferring cytoresistance, the production of
HSP-70, a dominant and ubiquitous member of the HSP family,
was assessed. Three rats were subjected to bilateral ureteral
obstruction; 24 hours later, the kidneys were removed and the
cortices were analyzed by Western analysis, as previously de-
scribed [20]. Negative and positive controls consisted of protein
extracts obtained from normal and post-ischemic (24 hr after 35
mm of bilateral renal artery occlusion) rat kidneys respectively
(N = 2 each).
To assess whether 24 hours of bilateral ureteral obstruction
induces cytoresistance by increasing antioxidant enzyme activities,
PTS catalase and superoxide (SOD) activities were determined.
Oxygenated PTS aliquots, obtained from six pairs of rats subjected
to bilateral ureteral obstruction or to sham surgery, were collected
and stored at —70°C until the time of analysis. Catalase activity
was assessed by a spectrophotometric assay which is based on the
rate of H202 disappearance in the presence of test samples [23].
Concentrations were determined from a standard curve, ranging
from 50 to 2000 U/ml (catalase standards, from Sigma; # C-40).
SOD concentrations in these samples was assessed with a corn-
mericially available spectrophotometric assay (SOD-525; Bio-
xytech S.A., Cedex, France) according to the manufacturer's
instructions. Enzyme concentrations were expressed as units of
activity/mg PTS suspension protein, the latter determined by the
bicinchoninic acid assay (BCA; Pierce Chemical Co., Rockford,
IL, USA).
Response of isolated proximal tubules to non-hypoxic forms of
injury
The following experiments were undertaken to ascertain
whether the cytoresistance induced by obstruction is specific to
hypoxic injury, and if not, what particular injury pathways are
attenuated. To this end, PTS preparations, obtained from rats
subjected to bilateral ureteral obstruction or to sham surgery,
were each divided into four equal 2 ml aliquots, and then they
were subjected to one of the following experimental conditions:
(a) continuous oxygenation; (b) incubation with 3 m'vi FeSO4
(which generates hydroxyl radical, causes lipid peroxidation, and
induces cell death) [243; (c) incubation with a calcium ionophore
(50 tIM A23 187; Sigma) or (d) incubation with phospholipase A2
(150 U/mI; from porcine pancreas; Sigma; # P6534). These
particular challenges were chosen because they represent path-
ways of injury which are frequently implicated as mediators of
ischemic, as well as other forms, of acute tubular damage [12, 25].
After completing 45 minute incubations, the % of LDH release
was determined. Results with each challenge (N = 5 to 6 paired
sets of tubules for each) were contrasted between the control and
obstructed PTS groups.
Assessment of adenine nucleotide profiles during injury
The following experiment assessed whether the cytoprotection
observed in the aftermath of ureteral obstruction could be attrib-
uted to, or was associated with, an improvement in cellular
energetics. To this end, PTS, harvested from bilaterally obstructed
and sham operated rats (N = 4 pairs), were incubated under
either oxygenated or hypoxic conditions for 15 minutes. At the
completion of these incubations, % LDH release was determined,
and then the adenine nucleotides were extracted with 6.66%
trichloroacetic acid (TCA), followed by their quantitation by
HPLC [26, 27]. The values were expressed as nmols/mg PTS dry
weight, the latter determined on the precipitate remaining after
TCA extraction.
Adenine nucleotide levels also were determined in those PTS
which had been subjected to the above described PLA2 challenge.
This was done to assess whether differences in energy levels could
be documented between control and obstructed PTS when mito-
chondrial respiration was not directly impaired by oxygen depri-
vation.
Vulnerability of PTS plasma membranes to exogenous PLA2
attack
Plasma membrane disruption is a critical mediator of lethal
hypoxic and toxic cell injury, induced in part by PLA2 attack.
Therefore, the following experiment assessed whether obstruction
causes increased plasma membrane resistance to PLA2-induced
degradation. If so, then this could help explain the broad based
cytoresistance noted in the above experiments. Five pairs of PTS
from normal rats and rats subjected to 24 hours of bilateral
ureteral obstruction were each divided into two aliquots and
incubated under oxygenated conditions for 30 minutes with or
without exogenous PLA2 (100 U/ml). Upon completion of the 30
minute incubations, the tubules were subjected to lipid extraction,
followed by HPLC quantitation of lysophosphatidylcholine and
the dominant membrane-associated free fatty acids (C14:0, C16:0,
C18:0, C18:1, C18:2, C18:3, C20:4), as previously described [26,
27]. The generation of these constituents was used as an index of
PLA2- mediated membrane attack. The fatty acid and lysophos-
phatidylcholine results were expressed as nmol/mg PTS protein
and as pg/mg protein, respectively.
Calculations and statistics
All values are given as means 1 5EM. All data, except as noted
below, were analyzed by paired Student's t-test (comparison of
control vs. obstructed PTS results obtained on a given day). The
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Fig. 1. Extent of hypoxic injuly sustained by control PTS (LI) and by PTS
extractedfrom rats subjected to 24 hours of bilateral ureteral obstruction ().
02 was 45 mm of continuous oxygenated incubation; 15 hypoxia/30 reox
was 15 mm of hypoxia, followed by 30 mm of reoxygenation; 30 hypoxia/15
reox was 30 mm hypoxia, followed by 15 mm reoxygenation. With both
hypoxic challenges, PTS from the obstructed kidneys developed less
injury/death, as assessed by % LDH release.
lysophosphatidylcholine and fatty acid data were contrasted by
Sign test (obstructed tubule vs. control tubule values for each
experimental pair), since these values did not assume a Gaussian
distribution. Specifically, total fatty acid, total saturated fatty acid,
total unsaturated fatty acid, and arachadonic acid (C20:4; the
major fatty acid released by PLA2) levels for the different
experimental groups were contrasted. Significance was judged by
a P < 0.05.
Results
Baseline assessments of obstructed kidneys, PTS yield, and viability
The kidneys subjected to 24 hours of ureteral obstruction were
mildly hydronephrotic, appearing approximately 35% larger than
the controls. Light microscopic analysis (hematoxylin/eosin stain)
conducted on two of these kidneys revealed predominately pelvic,
collecting duct, and distal tubule dilatation, whereas the proximal
tubules had only very slight dilation and an otherwise a normal
appearance. The BUNs for the bilaterally obstructed rats rose
from the normal range of 10 to 18 mg/dl to 156 14 mg/dl. PTS
obtained from the cortices of these obstructed kidneys demon-
strated comparable viability to those obtained from the normal
kidneys, both at baseline (6 0.5%; 5 0.5% LDH release,
respectively), and after completing 45 minutes of continuous
oxygenation (13 1%; 15 2%; Fig. 1). Light microscopic
examination of the isolated tubule preparations obtained from the
obstructed and normal kidneys revealed completely indistinguish-
able morphologic appearances, with >90% of the material having
a proximal tubular appearance. The total PTS yield from the
control and obstructed kidneys did not differ, as assessed: (a)
visually by the size of the tissue pellet after final washing; (b) by
the amount of LDH recovered, a quantitative index of PTS yield
[19] (264 16 U/ml vs. 236 16 U/ml, respectively; NS); and (c)
by total PTS protein concentrations (4.5 0.3 mg!ml vs. 4.1 0.3
mg/mI, respectively; NS).
As an index of cell type distribution within the preparations,
PTS LDH/total protein ratios were calculated. Since proximal
tubular segments have 50% of the LDH content of cortical distal
tubules [28, 29], different percentages of proximal versus distal
tubules within the PTS preparations should produce different
LDH/total protein ratios. The mean ratios were essentially iden-
tical for the control and the obstructed tubules (58.6 vs. 57.6,
respectively), indicating highly comparable preparations. Further-
more, ATP concentrations under oxygenated conditions also were
virtually identical for the control and obstructed tubules (3.47 vs.
3.50 nmol/mg dry wt; see below). Since ATP concentrations are
approximately twice as high in distal versus proximal tubule cells
[30], this finding further indicated comparable cellular origins in
the two PTS preparations. Thus, the morphologic appearance of
the tubule preparations, degrees of tubule recovery from renal
cortices (assessed by total protein and total LDH), degrees of cell
viability (% LDH release), and specific biochemical assessments
reflective of tubular segment origin (ATP levels; LDH/total
protein ratios) each indicated highly comparable preparations
from the two groups of kidneys. That comparable PTS prepara-
tions can be obtained from normal and injured kidneys has been
demonstrated previously by this laboratory and others [19, 20, 31].
Effect of bilateral ureteral obstruction on PTS resistance to hypoxic
injury
The PTS which were obtained from the obstructed kidneys
developed substantially less hypoxic injury than did the controls
(P < 0.003 to 0.0005; Fig. 1). For example, in response to the 15
mm hypoxic/30 mm reoxygenation protocol, PTS from the ob-
structed kidneys demonstrated only a 5% increase in % LDH
release over the continuous oxygenated values (from 13% to
18%), whereas the control PTS increased their %LDH release by
23% (from 15% to 38%; Fig. 1). The obstructed tubules also
manifested substantially smaller increments in LDH release than
the controls in response to the 30 mm hypoxic/15 mm reoxygen-
ation challenge (27% vs. 42%; Fig. 1). Thus, bilateral ureteral
obstruction conferred substantial resistance against both mild and
severe hypoxic damage.
Effect of unilateral ureteral obstruction on PTS resistance to
hypoxic injury
PTS viability under oxygenated conditions did not significantly
differ for the control PTS and for PTS extracted from unilaterally
obstructed kidneys (Fig. 2A). Unilateral obstruction conferred
substantial resistance against both 15 and 30 minutes of hypoxic
injury (Fig. 2A), the degrees of which approximated that seen in
the bilateral obstruction experiments discussed above.
Release of unilateral ureteral obstruction: Effect on cytoresistance
Twenty four hours of recovery from unilateral ureteral obstruc-
tion neither increased nor decreased the extent of cytoresistance
against hypoxic injury (compare Fig. 2B to Fig. 2A). For example,
PTS subjected to 24 hours of continuous obstruction (Fig. 2A), or
24 hour obstruction + 24 hours of recovery (Fig. 2B), manifested
37 5% and 38 3% LDH release, respectively, in response to









Fig. 2. A. Extent of hypoxic injuly sustained by PTS extracted from normal
kidneys (C)) and from unilaterally obstructed kidneys (,abbreviation are in
Fig. 1). PTS from the unilaterally obstructed kidneys manifested cytore-
sistance to both hypoxic challenges, and the extent of the protection was
comparable to that seen in bilaterally obstructed kidneys (see Fig. 1). B.
Extent of hypoxic injury in PTS harvested from unilaterally obstructed
kidneys after a 24 hour recovery (post-obstruction) period. Despite the
relief of the obstruction, cytoresistance to hypoxic injury persisted, equal-
ing that seen in continuously obstructed tubules (A).
the 30 minutes of hypoxic challenge (that is, essentially identical
degrees of protection).
Proximal tubular PCNA expression in obstructed kidneys
Twenty four hours of bilateral ureteral obstruction did not
cause an increase in proximal tubular PCNA expression, in
comparison to normal kidneys (Fig. 3 A vs. B). Less than 1% of
the cortical proximal tubular cells were PCNA positive in either
group and the positive cells were generally present in different
tubular segments. Thus, the lack of increased PCNA expression,
and its presence in <1% of proximal tubular cells suggested that
a proliferative response did not occur (see Discussion), and/or
that it was quantitatively insufficient to explain the cytoresistance.
HSP-70 expression
The post-ischemic kidney samples (positive control) showed
clear evidence of HSP-70 by Western blotting, as previously
depicted [20]. Barely descernible, and seemingly identical, HSP-
70 bands were seen in the normal kidney samples and in those
from the obstructed kidneys (reflecting constitutively expressed
HSP-70). Thus, these findings indicated that 24 hours of ureteral
obstruction did not lead to demonstrable HSP-70 expression at a
time that cytoresistance to hypoxic injury existed.
Catalase and SOD activities
Despite the cytoprotection observed in the obstructed tubules,
they possessed significantly less catalase activity than the control
PTS (149 14 vs. 202 11 U/mg PTS protein; P < 0.03). In
contrast, SOD activity did not significantly differ for obstructed
and control PTS (5.8 0.7 vs. 5.0 0.3 U/mg PTS protein,
respectively).
Effect of bilateral obstruction on PTS susceptibility to non-hypoxic
injury
As demonstrated in Figure 4, PTS isolated from obstructed
kidneys demonstrated significant protection against FeSO4 (oxi-
dant), A23187 (cellular Ca2 overload), and P[A2- induced
attack. Thus, obstruction induced broad based cytoprotection
against pathways thought to be operative in hypoxic-reoxygen-
ation injury. [Note: this laboratory has previously shown that
PLA2 in low doses (0.4 U/ml) can exert cytoprotective effects on
PTS [27]. However, in high doses, such as used here (150 U/mi),
it causes lethal cell injury; thus, the current findings and past
results are not inconsistent.]
Adenine nucleotide assessments
The adenine nucleotide profiles obtained from PTS extracted
from normal rats and from rats with bilateral ureteral obstruction
revealed no significant differences when maintained under oxy-
genated conditions (Table 1). Fifteen minutes of hypoxia induced
an approximate 90% fail in ATP concentrations, and the residual
amount of ATP did not significantly differ between the normal
and obstructed PTS groups despite the fact that the obstructed
tubules maintained substantially greater viability than did the
controls (18 2% vs. 33 2% LDH release, respectively, after 15
mm of hypoxia; P < 0.001). Similarly, the ATP/ADP ratio, a
sensitive index of mitochondrial respiratory integrity, did not
significantly differ between the two groups under hypoxic condi-
tions. In contrast, total adenine nucleotide concentrations (TAN:
ATP + ADP + AMP) were significantly higher in the obstructed
versus the control PTS under hypoxic conditions (2.34 vs. 1.62
nmol/mg dry wt; P < 0.001), a probable secondary manifestation
of the improved PTS viability (less loss of the total adenylate pool)
[271. This TAN increment was due to statistically higher ADP and
AMP concentrations.
Incubating control and obstructed PTS with PLA2 caused
approximate 60% and 34% decrements in ATP, respectively, with
the final ATP concentrations being substantially higher in the
obstructed group (Table 1). This improvement in cellular ener-
getics also was manifested by a substantially higher ATP/ADP
ratio in the obstructed versus the control group (4.13 vs. 2.22;? <
0.015). The obstructed tubules also retained a higher TAN pool
(3.27 vs. 2.43 nmol/mg dry wt; P < 0.05). Thus, a correlate of the
better preservation of cell viability in the obstructed versus the
control PTS during PLA2 incubation (49 5% vs. 30 4% LDH
release; from Fig. 4) was a generalized improvement in the
adenine nucleotide profiles.
Vulnerability of PTS plasma membranes to exogenous PLA2
attack
Under basal conditions, the obstructed PTS had slightly lower
lysophosphatidylcholine (LPC) and slightly higher fatty acid con-
centrations than the normal tubules (Table 2). During PLA2
incubation, the obstructed PTS manifested far less fatty acid
release and LPC generation than did the controls (Table 2),
confirming increased membrane resistance to PLA2 attack.
Discussion
It has been recognized for approximately 75 years that animals
which are in the recovery phase of nephrotoxic ARF manifest
cytoresistance to additional toxic insults. In 1984, this laborato-
ry further defined this phenomenom by making two additional
observations: first, it is not confined to nephrotoxic forms of renal
injury, since we documented its emergence in post-ischemic rat
kidneys [9]; and second, in contrast to the previously accepted
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Fig. 3. Proliferating cell nuclear antigen (PCNA)
expression in renal cortex of obstructed (A) and
normal (B) kidneys. The arrows denote
examples of rare tubular PCNA (nuclear)
positivity, the extent of which appeared the
same for the obstructed and the normal
kidneys. (Background stain is 0.2% light green).
view, functional organ recovery is not a requirement for cytore-
sistance to develop, since at the height of post-ischemic ARF (18
to 48 hrs post-arterial clamping) rats were relatively resistant to
further ischemic damage [9].
Since all studies of acquired cytoresistance have been con-
ducted using in vivo models of ARF, it has remained unclear as to
whether protection exists directly at the proximal tubular cell
level, or whether it has a hemodynamic or intraluminal explana-
tion (for example, increased solute excretion). In an attempt to
clarify this issue, we previously undertook a study in which PTS
were isolated from post-ischemic rat kidneys and then they were
subjected to an in vitro hypoxic challenge [20]. Those studies
indicated that post-ischemic ARF does, in fact, confer direct
cytoprotection upon residual proximal tubules, as denoted by a
dramatic decrease in in vitro hypoxic damage [20]. With this as a
background, the purpose of the present study was to further our
understanding of this phenomenon.
A common pathophysiologic feature of toxic and ischemic ARF
is intratubular obstruction with a subsequent rise in intratubular
pressure. Indeed, it is widely hypothesized that these conse-
quences of tubular necrosis either cause, or substantially contrib-
ute to, the resulting filtration failure [21]. Therefore, the first goal
of this study was to ascertain whether tubular obstruction might be
an initiating event in the emergence of cytoresistance. Since we
wished to assess whether obstruction could elicit this response
even in the absence of cell necrosis, an acute ureteral ligation
model of ARF was used since no tubular necrosis develops. The
results of these studies clearly showed that bilateral obstruction
can, indeed, confer resistance to hypoxic injury since there were
dramatic decrements in LDH release in response to both the 15
and 30 minutes hypoxic insults (Fig. 1). This cytoresistance was
confirmed by the adenylate profiles. Although ATP levels during
hypoxia were not statistically different for the obstructed and the
control PTS, the total adenine nucleotide (TAN) pool was 44%
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higher in the former group, indicating greater cellular integrity
during °2 deprivation [27]. Thus, these experiments indicate that:
(1) tubular obstruction can initiate cytoresistance, suggesting that
this could be a trigger for it in post-ischemic and toxic ARF; (2)
tubular necrosis is not a prerequisite for its subsequent develop-
ment, since none exists after 24 hours of ureteral ligation; and (3)
enhanced nephronal solute excretion, which protects against both
ischemic and toxic ARF [15—18], is not responsible for the
cytoresistance, since ureteral obstruction causes complete cessa-
tion of solute excretion, and yet cytoresistance still develops.
The second goal of this study was to pursue our previous
hypothesis that a uremic milieu is critical for the full expression of
cytoresistance. This concept was based largely on our previous
observation that the extent of cytoresistance within post-ischemic
PTS is greater following bilateral, versus unilateral, ischemic
injury. To further explore whether a uremic environment is
necessary for the complete expression of cytoresistance, suscepti-
bility to hypoxic damage was contrasted between PTS extracted
from unilateral versus bilateral obstructed kidneys. In contrast to
our previous unilateral versus bilateral ischemia results, the
presence of one normal kidney did not attenuate cytoresistance in
an obstructed kidney (Fig. 2A). The explanation for this descrep-
ancy between our past and current experiments remains unknown.
One possibility is that the presence of a normal kidney sufficiently
attenuates the rise in intratubular pressure in the contralateral
post-ischemic kidney (by preventing systemic solute loading) that
incomplete cytoresistance develops. In contrast, since both uni-
lateral and bilateral obstruction cause dramatic increments in
tubular pressure, either model elicits cytoresistance. Alternatively,
if proximal tubular exposure to uremic solute/toxins is important
for the emergence of cytoresistance, as previously suggested [20],
the unilaterally obstructed kidney would experience this due to
marked intrarenal urine trapping; conversely the unilateral post-
ischemic kidney might not develop sufficient exposure to uremic
solutes/toxins since these would largely be eliminated by the
contralateral normal kidney. Whatever the exact explanation, the
current findings provide an important new insight: the develop-
ment of direct proximal tubular cytoresistance is not dependent
on the presence of a uremic environment.
Since the results of this study indicated that tubular obstruction
can produce cytoresistance, our third goal was to ascertain whether
that protection can persist beyond the obstructive period. If so,
this would indicate that some consequence of obstruction (for
example, increased tubular pressure; retention of urine), induces
a fundamental change within proximal tubular cells which allows
them to withstand injury even when the initiating insult has been
removed. Therefore, rats were subjected to 24 hours of unilateral
obstruction + a 24-hour recovery period, and then PTS were
harvested for study. Those experiments indicated that cytoresis-
tance persisted unabated for at least 24 hours following obstruc-
tion release (Fig. 2B). Indeed, this result was expected since the
phenomenon of cytoresistance typically has been associated with
recovery from ARF [1]. Therefore, the critical question is what
subcellular changes are induced by obstruction which allow for the
expression of the cytoresistance. The remaining investigations
were directed at that issue.
One possibility that has been frequently mentioned in the
literature is that the emergence of cytoresistance in the post-ATN
kidney is a direct consequence of the tubular regenerative process.
This hypothesis assumes that proliferating cells are intrinisically
more resistant to injury than quiescent cells, thereby explaining
the development of cytoresistance during recovery from ATN. To
help exclude this possibility, the ureteral obstruction model of
ARF was studied since it does not induce proximal tubular
necrosis. Thus, a tubular regenerative response does not occur, as
previously indicated by Nagle's study of thymidine incorporation
by the obstructed kidney [32]. To further substantiate a lack of
tubular regeneration during the current protocols, proliferating
cell nuclear antigen (PCNA) expression was assessed. That no
increment in this cell proliferation marker [22, 33—35] was noted
strongly supports Nagle's data and serves to dissociate the ob-
served cytoresistance from a tubular proliferative/regenerative
response. That the release of ureteral obstruction, which should
permit regeneration/repair, did not increase the extent of cytore-
sistance (Fig. 2) further supports this view. Lastly, we have
recently demonstrated that cytoresistance, induced in a tissue
culture system, can be expressed even when tubular proliferation/
regeneration is blocked by a cycloheximide-induced inhibition of
protein synthesis [36]. Thus, all of these findings strongly suggest
that the emergence of cytoresistance is linked to tubular obstruc-
tion/injury, rather than to regeneration/repair per se.
A frequently suggested mechanism by which cytoresistance
might develop in the aftermath of ARF is via the production of
heat shock proteins (HSPs). Indeed, in our previous study,
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Fig. 4. Response of PTS to disparate forms of toxic injuly (3 mM FeSO
Ca2 ionophore A23187, 50 psi PLA2 phospholipase A2, 150 U/mi).
Symbols are: () obstruction; (0) controls. In each case, PTS harvested
from obstructed kidneys manifested less cell killing.
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Table 1. Adenine nucleotide profiles in PTS obtained from control and obstructed rat kidneys
Group ATP ADP AMP Tan ATP/ADP
(1) 02, Controls 3.47 0.30 0.69 0.06 0.31 0.05 4.47 0.37 5.11 0.27
(2) °2, Obstn 3.50 0.35 0.60 0.06 0.24 0.03 4.35 0,41 5.94 0.31P NS NS NS NS NS
(3) N2, Controls 0.35 0.06 0.50 0.06 0.76 0.07 1.62 0.17 0.68 0.06
(4) N2, Obstn 0.44 0.06 0.67 0.06 1.22 0.08 2.34 0.15 0.81 0.16
P NS <0.025 <0.002 0.001 NS
(5) PLA2, 1.42 0.29 0.60 0.09 0.44 0.07 2.43 0.44 2.22 0.26
Controls
(6) PLA2, Obstn 2.32 0.36 0.56 0.07 0.39 0.06 3.27 0.45 4.13 0.48P <0.02 NS NS <0.05 0.015
Values are nmol/mg dry weight 1 SEM. Controls are tubules from normal rat kidneys; obstn means tubules extracted from kidneys with bilateral
ureteral obstruction X 24 hours. Groups 1 and 2, N = 8; groups 3 and 4, N = 5; groups 5 and 6, N = 6 (paired determinations). Abbreviations are:
N2, tubules subjected to 15 minutes of hypoxia prior to adenine nucleotide extraction; PLA2, phospholipase A2; TAN, total adenine nucleotide (ATP
X ADP x AMP).
Table 2. PTS fatty acid concentrations under normal conditions and with addition of PLA2
C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 C20:4 TFA T sat T unsat LPC
0,06 0.70 1.10 0.18 0.15 0.01 0.23 2.42 1.86 0.56 0.13
Controls, 02 (0.01) (0.10) (0.13) (0.02) (0.02) (0.01) (0.04) (0.30) (0.23) (0.08) (0.02)
0.06 1.00 1.16 0.29 0.23 0.01 0.56 3.31 2.22 1.09 0.05
Obstn, 02 (0.01) (0.15) (0.16) (0.04) (0.04) (0.01) (0.32) (0.49) (0.33) (0.30) (0.01)
P NS <0.03 NS <0.03 NS NS NS <0.03 NS <0.03 0.03
0.07 6.83 3.34 6.18 14.1 0.07 34.4 65.0 10.2 54.7 1.93
Controls, (0.03) (1.22) (0.43) (1.34) (3.5) (0.03) (8.9) (15.3) (1.5) (13.8) (0.37)
PLA2
0.09 4.38 2.18 2,93 6.0 0.02 12.3 28.0 6.6 21.2 0.75
Obstn, PLA2 (0.03) (1.13) (0.23) (0.76) (1.4) (0.01) 2.6 (6.0) (1.3) (4.7) (0.18)P NS NS NS <0.03 <0.03 NS <0.03 <0.03 NS <0.03 <0.03
Abbreviations are: controls, PTS obtained from normal kidneys; obstn, PTS obtained from obstructed kidneys; 02, incubated under oxygenated
conditions; PLA2, incubated with PLA2 addition; TFA, total of all fatty acids; T sat and T unsat are total saturated and unsaturated fatty acids,
respectively. Statistical comparisons by Sign Rank test (N = 5 paired determinations). The fatty acid concentrations are nnmollmg protein;
lysophosphatidyicholine is hg/mg tissue protein. The 5EM5 are given in the parentheses.
rat kidneys [20]. However, that HSP expression appeared to be
temporally dissociated from the emergence of cytoresistance [20],
and that an in vivo 42°C hypertherinic challenge induced massive
HSP-70 synthesis but not PTS protection [20], suggested that HSP
production was not mechanistically involved. Nevertheless, while
alone insufficient, it remained possible that HSPs are necessary
co-factors for the cytoprotection to develop. To explore this
possibility, a relationship between HSP-70 production and cytore-
sistance was sought using the obstructive ARF model. That no
HSP-70 response was noted at a time that cytoresistance existed
strongly supports our previous view that HSP synthesis and
cytoresistance are not mechanistically linked. Although this does
not preclude the possibility that HSPs might exert renal protective
effects under different experimental circumstances, the current
results provide perhaps the strongest evidence to date that cytore-
sistance is not always HSP dependent.
Another category of cytoprotectant proteins are antioxidant
enzymes, including catalase and superoxide dismutase (SOD).
Since increments in their levels have been documented in post-
ischemic rat glomeruli [13, 37], we tested whether there is
increased proximal tubular expression of them in the obstructed
kidney, possibly explaining PTS resistance to subsequent hypoxic
damage. To this end, SOD and catalase activities were quantified
in PTS obtained from obstructed and control kidneys. Paradoxi-
cally, and for unknown reasons, catalase activity was significantly
lower (—25%) in the cytoprotected tubules, whereas the SOD
levels did not significantly differ. Thus, increased expression of
these antioxidants cannot be simple explanations for the phenom-
enon of cytoresistance. Indeed, our recent demonstration that
cycloheximide-induced inhibition of protein synthesis can protect
cultured tubular cells from energy depletion/calcium ionophore
injury [36] further suggests that cytoresistance may occur in the
absence of antioxidant enzyme (or HSP) synthesis.
Since adenine nucleotide depletion is the initiating event in
hypoxic injury, the next series of studies investigated whether
cytoresistance might be explained by improvements in PTS energy
profiles. As noted previously, although the total adenylate pool
was better preserved in the obstructed tubules (undoubtedly
reflecting the cytoprotection), neither the ATP levels, nor the
ATP/ADP ratio (a sensitive index of mitochondrial respiratory
integrity), were significantly improved. Thus, these results strongly
suggest that the protection against hypoxic injury was exerted
against a consequence of energy depletion, rather than against the
extent of energy depletion, per se. In contrast, all of the adenylate
profiles were improved under conditions of exogenous PLA2
attack. However, since protection against hypoxia could be disso-
ciated from changes in ATP levels, it seems likely that the better
adenylate profiles during PLA2 incubation were secondary reflec-
tions of the cellular protection, not a cause of it.
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Because the adenine nucleotide data suggested that cytore-
sistance is expressed against some downstream consequence of
energy depletion, the last goal of this study was to ascertain which
possible pathways of lethal cell injury might be affected. Since
oxidant stress, intracellular calcium overload, and PLA2- induced
plasma membrane attack are widely implicated as critical second-
ary mediators of ischemic and hypoxic tubular damage [12, 25],
experiments were undertaken to ascertain whether cytoresistance
exists against these injury pathways. Indeed, significant protection
was noted against all three forms of injury (Fig. 4), indicating that
tubular obstruction confers a rather generalized cytoprotective
influence. More importantly, these experiments also strongly
suggest that proximal tubular cytoresistance is a direct conse-
quence of decreased plasma membrane vulnerability to attack.
Supporting this conclusion are the following: (a) a critical, shared
mechanism of hypoxic-, oxidant-, calcium overload-, and PLA2-
induced cell death is plasma membrane injury [12, 24, 25, 38].
Thus, that all four forms of injury were mitigated in obstructed
tubules suggests a common pathway of resistance, such as de-
creased membrane vulnerability to attack. (b) Although hypoxia
and calcium overload-induced injury are undoubtedly directed at
critical intracellular targets, as well as against the plasma mem-
brane, exogenous PLA2 toxicity is primarily expressed against the
latter, since it is too large (—14,000 molecular wt) to gain
immediate access to intracellular targets. Thus, that PLA2-in-
duced cell death and free fatty acid/lysophosphatidyicholine gen-
eration were each abrogated in the obstructed PTS versus the
control PTS strongly support the notion of a primary decrease in
plasma membrane vulnerability to attack. (c) Since FeSO4 toxicity
is predominantly expressed against the plasma membrane (given
its minimal cell uptake), its diminished capacity to kill PTS
harvested from the obstructed kidneys further supports the notion
of increased plasma membrane resistance to injury. The precise
biochemical mechanism by which this might occur remains un-
known, and is a subject for further investigation.
One potential caveat that can always be raised about experi-
ments such as those described in this report is whether different
tubular cell populations have been extracted from normal and
injured kidneys, and this explains the results obtained. While it is
impossible to completely exclude such a possibility, great efforts
were undertaken in an attempt to do so. First, one reason that the
24-hour ureteral obstruction model was used for this study is that
it causes far less injury to proximal tubules than other ARF
models. Indeed, that proximal tubular morphology, assessed in
vivo, appeared virtually normal at the time of PTS isolation makes
a tubular selection artifact unlikely. Second, the tubule prepara-
tions obtained from the normal and obstructed kidneys had
identical morphologic appearances, inconsistent with different
degrees of proximal versus distal tubular recovery. Third, the
tubular yields obtained from the renal cortices were highly
comparable for the two groups, again arguing against selection
artifacts. Fourth, that essentially identical baseline ATP concen-
trations and LDH/total protein ratios were observed in obstructed
and control tubule preparations also indicate that comparable
PTS populations were studied, for reasons previously stated; and
fifth, the cytoresistance induced by ureteral ligation was com-
pletely unaltered by 24 hours of obstruction release. Therefore, it
seems untenable to conclude that the protection was "artifactual"
when the cause of that possible "artifact" no longer existed.
In conclusion, the present study indicates that ureteral ligation-
induced tubular obstruction protects proximal tubules against
disparate forms (hypoxic, oxidant stress, cell Ca2 overload,
PLA2) of injury. This resistance can develop in the absence of
pre-existent uremia, it obviously is not dependent on increased
solute excretion, and it does not appear to require either early
recovery/proliferative responses or increased expression of a
number of endogenous cytoprotectant proteins (HSP-70, catalase,
and SOD). Although a correlate of the cytoresistance is a relative
preservation of total cellular adenylate pools, the available data
suggest that this is a reflection of the protection, rather than a
mediator of it. In contrast, it appears that the cytoresistance is, at
least in part, a direct consequence of increased plasma membrane
resistance to attack. This is most clearly demonstrated by decre-
ments in membrane damage (less lysophosphatidylcholine/fatty
acid generation) and cell death during incubation with exogenous
PLA2. That FeSO4 toxicity, which also is expressed primarily at
the plasma membrane, was attenuated in the obstructed tubules
further supports this hypothesis. Finally, although these observa-
tions were obtained using kidneys subjected to ureteral ligation,
that tubular obstruction develops following most forms ATM
suggests that the present findings have more generalized rele-
vance for the area of ARF.
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